There have been suggestions that both insulin-dependent and non-insulin-dependent diabetes mellitus are associated with a specific diabetic cardiomyopathy (Ledet, 1968 (Ledet, , 1976 Goodwin & Oakley, 1972; Rubler et al. 1972; Garcia et al. 1974; Hamby et al. 1974; Paz-Guevara et al. 1975; Crall & Roberts, 1978; Kannel & McGee, 1979; Ledet et al. 1979; Kannel, 1985; Bell, 1995) . This might account for the increased incidence of congestive cardiac failure which exceeds that attributable to the coronary artery disease, hypertension and cardiac autonomic neuropathy prevalent in diabetes (Kannel et al. 1974) . Histological studies have reported myocyte hypertrophy that might reflect primary changes associated with the condition (Rubler et al. 1972; Fischer et al. 1979) . Human diabetic hearts can also become fibrotic due to collagen accumulation (Rubler et al. 1972; Regan, 1981) . These primarily myocardial changes occurred independently of, or accompanied, coronary microcirculatory abnormalities. The latter included basal laminar thickening, endothelial cell proliferation, subendothelial fibrosis, periodic acid-Schiff-positive (PASpositive) deposition with vessel luminal narrowing and wall thickening (Blumenthal et al. 1960; Ledet, 1968 Ledet, , 1976 Vracko & Benditt, 1970; Rubler et al. 1972; Hamby et al. 1974; Williamson & Kilo, 1976; Seneviratne, 1977; Sanderson et al. 1978; Fischer et al. 1979; Zoneraich et al. 1980 ). However, clinical echocardiographic studies seeking physiological correlates for such changes variously reported reduced (Airaksinen et al. 1984 (Airaksinen et al. , 1987 , normal or modestly increased (Shapiro et al. 1981; Friedman et al. 1982 ) left ventricular size. Exploration of experimental
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System hardware and MRI pulse sequences were modified for the reliable imaging of rapidly beating rodent hearts whilst minimizing motion artefacts. The use of gradientecho cine magnetic resonance imaging clearly demarcated myocardium from blood in the cardiac chambers (Rehr et al. 1985; Higgins, 1986; Stratemeier et al. 1986; Caputo et al. 1987; Markiewicz et al. 1987; Pettigrew, 1989; Sechtem et al. 1987; Utz et al. 1987 Utz et al. , 1988 Pflugfelder et al. 1989; Semelka et al. 1990 ). This gave images that permitted a quantitative reconstruction of the cardiac anatomy from serial transverse cardiac sections obtained in a procedure that offered reproducibly defined imaging planes. The resulting assessments of myocardial hypertrophy proved internally consistent within each individual imaging session and the results agreed with conventional morphological determinations. They thus successfully used MRI methods to demonstrate for the first time that chronic diabetic cardiomyopathy alters overall myocardial volume.
This experimental system was then applied to assess how the angiotensin-converting enzyme (ACE) inhibitor captopril influenced such chronic myocardial alterations. This investigation was prompted by suggestions of an intracardiac renin-angiotensin system (Dostal et al. 1992a,b) and its activation in diabetes (Rösen et al. 1995) . STZ-diabetic rats show increased left ventricular ACE levels and decreased left ventricular developed pressures; the latter were prevented by enalapril (Goyal et al. 1998) . Angiotensin II in turn induces growth responses in isolated adult rat hearts (Schunkert et al. 1995) , hypertrophy in isolated neonatal rat ventricular myocytes (LaMorte et al. 1994) and cardiac fibroblast proliferation in vitro (Schorb et al. 1993 (Schorb et al. , 1994 Crabos et al. 1994; Matsubara et al. 1994) . These actions could cause the myocardial interstitial fibrosis reported in some forms of cardiac hypertrophy and cardiomyopathies that in turn diminish myocardial compliance. Angiotensin II system abnormalities may also impair myocardial contractility and disturb coronary blood flow regulation in diabetics (Weber & Brilla, 1991; Dostal et al. 1992a,b) .
Such experiments provided the first non-invasive physiological evidence that the ACE inhibitor captopril ameliorates the myocardial hypertrophic changes. Clinical evidence suggests that ACE inhibitors exert beneficial effects in hypertensive cardiac disease and on left ventricular performance in congestive heart failure (Cohn & Levine, 1982; Kluger et al. 1982; Levine et al. 1982) , rectify the abnormal resistance vessel structure in essential hypertension (Mulvany, 1992 (Mulvany, , 1998 , increase arterial wall compliance (Dzau & Safar, 1988) and reverse vascular and left ventricular hypertrophy (Dunn et al. 1984) . The present findings justify testing for similar therapeutic physiological effects in diabetic cardiac disease, in addition to providing the MRI techniques for the more acute physiological analyses of cardiac cycle changes in the diabetic cardiac disease model detailed in the accompanying paper (Al-Shafei et al. 2002) .
METHODS

Design of experimental protocols
All animal procedures used protocols approved by the Home Office, UK, in accordance with the Animal Scientific Procedures Act (1986) . A total of 20 male fully conditioned, healthy, pathogen-free Wistar rats (6 weeks old; Harlan, UK) were reared by the University of Cambridge Central Biomedical Service under standard housing conditions and fed a normal animal chow with water ad libitum. The animals were divided randomly into five experimental groups (each n = 4 rats). Diabetes was induced in four of the groups as described below (2 groups at 7 weeks old, 1 at 10 weeks old and 1 at 13 weeks old). The fifth group was kept as a control.
All animals in both test and control groups were scanned at 16 weeks. Induction of diabetes at 7, 10, and 13 weeks concurred with induction of diabetes employed in previous studies (see Introduction) and allowed investigation the effect of age of induction of diabetes on the development of structural and functional changes in both ventricles. For one of the two groups in which diabetes was induced at 7 weeks, captopril (Sigma-Aldrich Co., Poole, Dorset, UK) was added to the drinking water at a concentration of 2 g l _1 immediately after STZ treatment (Dalton et al. 1997; Qi et al. 1999) ; this continued until they were scanned at 16 weeks. This made it possible to evaluate the effects of captopril on the cardiac changes produced by diabetic cardiomyopathy. The rats in the control group were imaged at 16 weeks and provided age-and sex-matched controls for all four diabetic groups.
The rats in each of the four experimental groups were first anaesthetized using 1-2 % halothane (Sigma-Aldrich Co. Poole, Dorset, UK) in oxygen (British Oxygen Gas, UK) and their blood glucose levels measured using a blood glucometer. This was followed by a single intraperitoneal streptozotocin injection (Junod et al. 1967 (Junod et al. , 1969 . Streptozotocin (STZ: 65 mg (kg body weight) _1 ; Sigma-Aldrich Co. Poole, Dorset, UK) was dissolved in phosphate-buffered saline to which a few drops of citric acid (10 g (100 ml) _1 ) were added to give a pH of 4.5. This precaution was adopted to prevent the rapid inactivation of STZ at a neutral pH (see Junod et al. 1967) . The control rats received sham injections of the citrated buffer under halothane anaesthesia when they were 7 weeks old. STZ at a dose of 55-65 mg (kg body weight) _1 is known to produce severe but stable diabetes in Wistar rats (Lopaschuk et al. 1983; Warley et al. 1995; Rodrigues et al. 1990 Rodrigues et al. , 1997 ). Hyperglycaemia (blood glucose level > 13 m) ensued 48 h post STZ. The body weight of all animals was monitored every 3 days and blood glucose level every 2 weeks using a glucometer. Blood glucose levels of STZ-injected rats measured 2 weeks after injection always exceeded 13 m.
Physiological monitoring methods
Rats were anaesthetized using 1-2 % halothane (Sigma-Aldrich Co. Poole, Dorset, UK) in oxygen (British Oxygen Gas, UK), prior to each imaging session. Their systolic blood pressures were measured using a non-invasive rat-tail blood pressure monitor (Harvard Apparatus, Edenbridge, Kent, UK) and are summarized in Tables 1 and 4 . This measurement was repeated immediately after the MRI session to confirm its stability within reasonable physiological limits. Shielded subcutaneous electrodes were used for electrocardiographic (ECG) recording and display using a Tektronix 2225 oscilloscope (Tektronix, Harpenden, Herts, UK). These signals permitted imaging acquisition to be synchronized or gated to the electrocardiographic QRS thus minimizing movement artefacts, and heart rate to be monitored throughout the imaging sessions. Following establishment of stable ECG trigger signals, the anaesthetized animal was then placed in a specially designed home-built half-sine-spaced birdcage radiofrequency (RF) probe (Ballon et al. 1990 ).
Magnetic resonance imaging hardware and pulse sequence
All experiments were performed in a 2 T Oxford Instruments (UK) superconducting magnet with a horizontal internal bore of 31 cm. A home-built gradient set with maximized magnetic field gradient and low resistance was used for imaging. This gradient set was of 11 cm internal diameter and fitted in the 31 cm bore of the 2 T horizontal magnet. The RF coil was a home-built half-sinespaced birdcage probe, approximately half-cylindrical in shape, with both ends open and of internal diameter of 4.5 cm (Ballon et al. 1990) . It fitted inside the bore of the gradient set, incorporated delivery tube assemblies that delivered anaesthetic gases and provided secure attachments for the ECG leads thus providing a self-contained assembly for the physiological monitoring of the animal lying in the RF probe which was inserted into the magnet bore for MRI.
The imaging sessions characterized both left and right ventricular anatomy throughout systole and diastole. The gated cine protocol synchronized line acquisition to set times following alternate electrocardiographic R waves. This acquisition was then repeated for the same slice position at twelve equally incremented times throughout the cardiac cycle. This sequence in turn was repeated for each of the 128 lines per slice to generate each 128 pixel w 128 pixel image, which itself was acquired twice for signal averaging. This procedure was repeated 12 times to obtain Typically 12 transverse serial image slices, taken perpendicular to the principal cardiac axis, were acquired contiguously to image both ventricles in their entirety. Each transverse cardiac slice was typically imaged at 12 points in time during the cardiac cycle using a gated cine protocol. The pulse sequence was thus applied 12 times during each particular cardiac cycle. A full data set with MR images at the 12 time points was obtained from each particular slice before imaging other slices. Thus, the effective repeat time (TR) was 13 ms. Echo time, TE = 4.3 ms. LV and RV indicate left and right ventricles, respectively, and G s , G f and G f represent slice-selecting, phase-encoding and frequency-encoding gradients respectively. signal-averaged images for every slice. Each imaging session therefore required (128 w 12 w 2 w 2) times the cardiac cycle duration. The procedure thus typically obtained 12 slice images each perpendicular to the principal cardiac axis extending through the entire length of the two ventricles from the cardiac base to its apex (Fig. 1B) . Each of the 12 slices was imaged at 12 time points covering systole and most of diastole. Imaging was successful despite the high intrinsic heart rates, which reached about 350 beats min _1 . The experiments used a repeat time (TR) of ~13 ms. The experiments used a short echo time ( TE) of 4.3 ms to reduce motion artefacts in the images and to maximize contrast between blood and myocardium with the blood giving higher signal intensity during systole. Finally, the image data were transferred from the MRI console using in-house hardware and software to remote UNIX workstations for quantitative analysis using in-house software based on CaMReS libraries (CaMReS, Dr N. J. Herrod, Herchel Smith Laboratory for Medicinal Chemistry, University of Cambridge).
Post-mortem examination
The animals were killed after the MRI using an overdose of Euthetal (Schedule I method, Animal Scientific Procedures Act 1986) and their hearts removed and fixed in 3.7 % phosphatebuffered formaldehyde (BDH, Poole, UK) (Factor et al. 1981) . The hearts were then removed from the fixative and blotted dry. The two atria were removed and transverse sections (1-2 mm thick) of both ventricles were cut. Right and left ventricular myocardia were then separated from each other and weighed.
RESULTS
Having established the MRI methods and the use of agematched control and test STZ-diabetic groups of animals as described above, the experiments firstly characterized myocardial changes in both left and right ventricles associated with experimental diabetes using non-invasive MRI in an experimental design that permitted comparison of in vivo MRI findings to earlier in vitro results (see Introduction). Secondly, the experiments compared the effect of age of induction of diabetes at 7, 10 and 13 weeks. This gave rise to experimental groups that are described for convenience in the tables and figures as animals with diabetic histories of 9, 6 and 3 weeks, respectively. Thirdly, the experimental findings were used as a basis for evaluation of the possible effects of captopril in the groups that had been made diabetic at 7 weeks. Accordingly, the statistical analyses first applied a one-way analysis of variance (ANOVA) to compare the control and the three diabetic groups not treated with captopril (Tables 1-3) . A second one-way ANOVA involved the control group and the two groups with diabetes induced at age 7 weeks, either treated with captopril or otherwise (Table 4) . Where statistically significant differences were detected, pair-wise multiple statistical comparisons used Tukey's honestly significant difference (HSD) test with differences considered significant at P < 0.05. These made it possible to compare individual experimental groups with the age-matched control, as well as to assess the effect of disease onset on statistical parameters examined at a fixed age. The possible statistical significance of differences in measurements of structural parameters such as myocardial density between left and right ventricles in each of the five experimental groups was determined by Student's two-tailed paired t tests with differences considered significant at P < 0.05. Pearson's correlation coefficient (r) was used to test for correlations between measured or calculated quantities. All tables present data as means ± standard errors of the mean (...).
Basic physiological parameters in control and diabetic animals and the effects of captopril
Basic physiological parameters measured here in the experimental STZ-diabetic model during MRI studies were in agreement with earlier findings which would indicate that our novel MRI findings are also comparable with measurements available from conventional physiological and anatomical studies (see Introduction for references). Table 1 compares these baseline parameters from the control and the different diabetic groups not treated with captopril. obtained from the captopril-treated diabetic animals. Firstly, Tables 1 and 4 confirm that the STZ treatment successfully resulted in significantly elevated blood glucose concentrations five-to sixfold greater than that of the control group in both the presence and absence of parallel captopril treatment. Such levels remained consistently elevated throughout the experimental period confirming severe but stable diabetes. Secondly, Table 1 shows that heart rates and systolic blood pressures were significantly reduced particularly in animals made diabetic at the earlier ages in agreement with previous studies (Maeda et al. 1995; Hicks et al. 1998) . These reductions became significant compared with the control group in animals diabetic from 7 and 10 (but not 13) weeks. In contrast, Table 4 demonstrates that captopril treatment restored these cardiovascular parameters to values statistically indistinguishable from those of the control group and accordingly distinct from the heart rates and systolic blood pressures shown by similarly diabetic rats not treated with captopril. Thirdly, Tables 1 and  4 include weights of animals both at the time of disease induction, and at the time of scanning (Malhotra et al. 1981) . Diabetes led to a fall in body weight that was greater the earlier the age of disease induction. This was again in agreement with previous reports (Pierce & Dhalla, 1981 , 1985a Afzal et al. 1988 ; see also Introduction). Student's two-tailed paired t test indicated significant falls in body weight at scanning compared with body weight at induction in animals made diabetic from 7 (P = 0.003) and 10 weeks (P = 0.04). Control animals showed the expected increase in weight associated with normal growth. There was no significant change in rats made diabetic at 13 weeks (P = 0.3) or those treated with captopril (P = 0.53). Table 2 summarizes both the absolute left and right ventricular weights and the corresponding values normalized to body weight for all the experimental groups; the latter normalizations permitted comparisons of the present values with the earlier reports cited in the Introduction. The absolute ventricular weights were similar between experimental groups or showed a slight fall in the diabetic animals. However, the values demonstrated relative myocardial hypertrophy when they were normalized to body weight. This was more pronounced in the animals in which diabetes was induced at an earlier age. Thus, P values derived from pair-wise significance testing against the controls (Table 2) indicated increases in normalized left and right ventricular weights. These increases were not significant in the animals made diabetic at 13 weeks (increases of 2.1 and 3.3 % for the left and right ventricles, respectively, relative to the controls) but were significant in animals made diabetic at 7 (24.9 and 25 %, respectively) and 10 weeks (15.3 and 10 %, respectively). In contrast, Table 4 demonstrates that captopril treatment abolished these changes: normalized left and right ventricular weights were then indistinguishable from the control values and accordingly significantly improved over values in the corresponding diabetic rats not treated with captopril. The left and right ventricular myocardial volume measured by MRI, for each rat, was taken from the average value from all time points sampled throughout the cardiac cycle. The body weight-normalized left and right ventricular myocardial volumes of the experimental rats were calculated using the corresponding body weight of the anaesthetised rat. Statistical details as for Table 1 . Data are means ± S.E.M.; n = 4.
Absolute and normalized left and right ventricular weights
Transverse MRI cardiac sections
Figure 2 displays typical end-diastolic and -systolic cardiac sections through the widest regions of intact beating hearts in control rats (A), in rats not treated with captopril made diabetic from 13, 10, and 7 weeks (B-D, respectively), and in captopril-treated diabetic rats (E). These were acquired using a repeatable and consistent image slice positioning protocol: this ensured that 12 imaged transverse cardiac slices were acquired through a plane perpendicular to the principal cardiac axis that joins the cardiac apex to the aortic valve in each experimental rat. The prone animal was first positioned in the radiofrequency probe horizontally in the bore of the imaging gradient set with its craniocaudal axis along the main magnetic field axis of the superconducting magnet. A set typically of nine sagittal images of its thoracic cavity was acquired using an enlarged field of view (typically 7 cm w 7 cm). The sagittal image with the clearest cardiac representation was then used as a pilot image to derive preliminary transverse-coronal (TCX) multislice images. In turn, the transverse-coronal image offering the clearest cardiac representation was used as a pilot image to define a set of 12 imaging planes (transverse cardiac slices or sections) perpendicular to the principal cardiac axis which provided images of the left and right ventricles in their entirety. The epi-and endocardial borders of both ventricles in these selected slices at all 12 time points were then used for accurate and consistent quantitative analysis for comparisons between animals in different experimental groups.
The cine imaging protocol provided high-resolution anatomical images that clearly demarcated the boundaries between blood and the endocardial borders of both ventricles; this was useful for reliable morphometric measurements. The left ventricles resembled that of human hearts in the consistent circular symmetry of their epi-and endocardial borders in transverse section throughout the cardiac cycle and in all experimental groups. Accordingly, the quantitative measurements of left and right ventricular myocardial volumes treated the interventricular septum as part of the left ventricle (Crowley et al. 1997; Wise et al. 1998) . In contrast, the right ventricle was defined as the crescent-shaped cardiac chamber with its myocardial wall meeting the left ventricular myocardial wall close to the diameter of the left ventricle.
The images that were acquired 8 ms after the trigger pulse from the electrocardiographic R wave demonstrated fully dilated end-diastolic ventricles. End-systole corresponding to the minimum cross-section in both ventricular cavities was reached synchronously at ~99 ms after the trigger pulse in controls, rats diabetic from 13 weeks and captopriltreated rats. In contrast, ventricles of rats diabetic from 7 and 10 weeks reached end-systole ~112 ms after the trigger pulse.
Ventricular myocardial volumes measured by MRI
The borders of both ventricles in each transverse image slice were interactively defined using the blood-myocardial wall contrast to define the endocardial borders and the myocardial wall-thoracic cavity contrast for drawing the epicardial borders. The pixel numbers enclosed within each border were then converted into units of square millimetres. These borders were independently drawn 4 times for each image slice. Left and right ventricular epiand endocardial volumes were then calculated for all 12 time points through the cardiac cycle from each of the selected 12 transverse cardiac sections. The mean of the four calculated volumes then represented the empirical volume. The myocardial volume of each ventricle was then derived for each of the 12 examined time points by subtracting the endocardial volume from the corresponding epicardial volume.
Tables 3 and 4 demonstrate that both absolute and normalized myocardial volumes deduced from MRI concurred with the post-mortem determinations (Tables  2 and 4) . Tables 3 and 4 also summarize the results of pairwise statistical testing of myocardial volumes obtained in different diabetic groups against the untreated controls. The absolute left ventricular myocardial volumes measured by MRI were reduced by 17.6, 7.8 and 2.4 % in animals diabetic from 7, 10 and 13 weeks, respectively, relative to the control group and by 31.1 % with captopril treatment. The changes were significant in the two groups in which diabetes had been induced from 7 weeks with and without captopril treatment. The corresponding reductions in the absolute right ventricular myocardial volumes were 17.6,
Figure 2. Transverse MRI sections
Typical transverse sections obtained in end-diastole (upper panel) and end-systole (lower panel) from the heart of a normal control rat (A), rats diabetic from 13 weeks (disease duration 3 weeks, B), 10 weeks (disease duration 6 weeks, C), 7 weeks (disease duration 9 weeks, D) and a captopril-treated rat diabetic from 7 weeks (disease duration 9 weeks, E). All rats were scanned when they were 16 weeks old. The body weight of the normal rat was 340 g and body weights of the rats diabetic from 7, 10 and 13 weeks and the captopril-treated rat were 230, 275, 330 and 245 g, respectively. The heart rate was continuously monitored throughout the imaging session giving an intrinsic heart rate of 315 ± 4 beats min _1 for the control rat and 290 ± 4, 300 ± 6, 307 ± 4 and 300 ± 4 beats min _1 for the four diabetic rats, respectively. The time points at which these images were taken are indicated in the upper left-hand corner of each panel and correspond to the delay after the trigger, taken from the R wave of the electrocardiogram (ECG), at which the signal was acquired. Each image is the average of two signals obtained at corresponding points in the cardiac cycle following the R wave. LV and RV indicate left and right ventricles, respectively, and C and W indicate chest cavity and chest wall, respectively. Slice thickness was 1.50 mm for the normal control rat and 1.44 mm for the four diabetic rats. Field of view (FOV) was 5 cm for the normal control rat and 4.5 cm for the four diabetic rats. With an image matrix of 128 w 128 pixels, the nominal in-plane resolution was approximately 351.6-390.6 µm pixel
_1
. The effective repeat time (TR) was approximately 13 ms and the echo time (TE) was 4.3 ms.
11.6 and 3.0 %, respectively, and 28.3 % in the captopriltreated group. However, the normalized left ventricular myocardial volumes showed increases of 23.1, 14.5 and 2.2 % in rats diabetic from 7, 10 and 13 weeks, respectively, relative to controls. The corresponding right ventricular values were 24.1, 10.3 and 1.7 %, respectively; in both cases, values from animals diabetic from 7 and 10 weeks were significantly elevated relative to controls. Captopril treatment prevented such changes. It left an actual 2.2 % decrease in normalized left ventricular myocardial volume and an insignificant 1.7 % increase in normalized right ventricular myocardial volume.
Internal consistency of MRI measurements
The images were made in rapidly beating hearts in which motion artefacts were minimized by gating the image acquisition to alternate electrocardiographic R waves. Nevertheless, a number of controls verified the MRI measurements made above and so the cine MRI methods introduced here provide a validated non-invasive quantitative analysis of cardiac changes in the rat MRI system that may permit serial studies in future. Firstly, the MRI-based measurements proved entirely internally selfconsistent. Figure 3 plots the left and right ventricular myocardial volumes derived from the transverse sections during diastole against the corresponding volumes obtained during systole; a line of equality can be fitted through the data points.
Secondly, Fig. 4 demonstrates that the left and right ventricular myocardial volumes (µl) as determined by MRI were comparable with the left and right ventricular masses (in mg) in all five experimental groups measured directly at post mortem. The left and right ventricular myocardial densities calculated from these were closely comparable across all experimental groups. They gave an average ventricular myocardial density of 1.02 ± 0.02 mg µl _1 and 1.03 ± 0.02 mg µl _1 for the left and right ventricles, respectively, in agreement with previous reports (Wise et al. 1998) .
DISCUSSION
The present experiments successfully introduced a cinevariant of MRI to detect, quantify and follow up chronic myocardial changes in both the left and right ventricles in experimental STZ-diabetic rats for the first time. There is a developing interest in the pathophysiology of diabetic cardiomyopathy and its associated haemodynamic abnormalities. The experiments introduced the noninvasive cardiac MRI techniques that have become accepted in clinical studies of cardiac disease but have yet to find wide applications in chronic physiological studies. In particular, they exploited ECG-gated cine-MRI of the heart; cine-MRI offers excellent contrast between the blood inside the cardiac chambers and the myocardium thereby providing clear demarcation of the cardiac cavities for quantitative analysis (Rehr et al. 1985; Higgins, 1986; Stratemeier et al. 1986; Caputo et al. 1987; Markiewicz et al. 1987; Pettigrew, 1989; Sechtem et al. 1987; Utz et al. 1987 Utz et al. , 1988 Pflugfelder et al. 1989; Semelka et al. 1990) . Experimental animal systems such as the widely used STZdiabetic rat model, offer particular advantages as models for human disease as they permit chronic physiological changes to develop over a manageable and defined time scale, particularly when non-invasive imaging techniques J. Physiol. 538.2 can both supplement or replace standard invasive physiological measurements.
The resolution and sensitivity of the MRI techniques permitted detection of early changes even in relatively small numbers of experimental rats and for them to be tracked over time, despite the high intrinsic heart rates. The latter required rapid image acquisition at closely incremented times through the cardiac cycle. MRI has already proven useful for similar high-resolution measurements of the major anatomical and functional clinical parameters of human cardiac performance (Stratemeier et al. 1986; Markiewicz et al. 1987; Sechtem et al. 1987; Semelka et al. 1990) . Its successful use in the present physiological studies of the diabetic heart might thus lead to parallel human and animal MRI studies of ventricular function in this condition. This would aid physiological analysis of the increased morbidity and mortality that has been associated with human diabetic cardiomyopathy. Conversely, the noninvasive MRI procedures developed in rats would have potential application for the development of cardiac MRI in monitoring and detecting and studying human diabetic cardiac disease. _1 and similar right ventricular myocardial densities of 1.03 ± 0.01, 1.04 ± 0.02, 1.03 ± 0.01, 1.05 ± 0.02 and 1.01 ± 0.02 mg µl _1 for control rats and the rats made diabetic at 13 (disease duration: 3 weeks), 10 (disease duration 6 weeks), 7 (disease duration 9 weeks) weeks, respectively, and captopril-treated (disease duration 9 weeks) diabetic rats, respectively.
The resulting data sets permitted complete anatomical reconstruction of the intact beating rat heart from data sets consisting of sets of 12 transverse sections obtained at 12 equally incremented times during the cardiac cycle. The experimental design used in association with the MRI studies examined groups of rats whose diabetes was induced at graded ages of 7, 10 and 13 weeks. All animals were then scanned at a consistent age of 16 weeks against a single age-matched control. Such timings meant that the present findings are comparable with earlier studies of the same experimental model that used independent, conventional invasive techniques. Earlier anatomical studies had examined for interstitial fibrosis (Factor et al. 1981) and ultrastructural myocardial changes (Jackson et al. 1985; Warley et al. 1995) . Physiological studies had investigated papillary muscle function (Fein et al. 1980; Fein & Sonnenblick, 1994; Warley et al. 1995) , myocardial contraction and relaxation (Jackson et al. 1985; Afzal et al. 1988) , diastolic and peak systolic pressures (Afzal et al. 1988; Shimabukuro et al. 1995; Miller, 1979; Rodrigues & McNeill, 1986; Paulson et al. 1987; Rodrigues et al. 1988; Lopaschuk & Spafford, 1989; Goyal et al. 1998) and heart rates (Jackson & Carrier, 1983; Afzal et al. 1988; Maeda et al. 1995; Hicks et al. 1998 ) over similar age periods.
It proved possible reliably to extract from the images left and right ventricular myocardial volumes expressed both as absolute values and normalized to the corresponding body weights; the latter provided values in agreement with earlier studies on the STZ-diabetic model using conventional invasive anatomical methods (see Introduction for references). Firstly, the calculations of myocardial volumes were internally consistent: values of left and right ventricular myocardial volumes were closely similar at end-systole anddiastole in all five experimental groups. This expected conservation of both left and right ventricular myocardial volumes confirms that the determinations of the myocardial borders in each transverse MRI section and their reconstruction into myocardial volumes were consistent through the cardiac cycle. Secondly, at least some of the features deduced here agreed with available information from the conventional physiological and pathological studies cited above. Finally, the MRI measurements also closely correlated with the myocardial masses measured post mortem to give consistent values of myocardial densities that closely agreed with earlier studies, at least in normal rats: in the present study rats were killed immediately after imaging for histological analysis (Wise et al. 1998 ). The latter findings will make it possible to perform serial studies on such experimental systems in future without a requirement for such post-mortem corroboration.
The myocardial volume determinations demonstrated that the left and right ventricles both significantly hypertrophied relative to the corresponding body weights resulting in significant differences from control results in rats made diabetic from 7 and 10 weeks. This agrees with earlier pathological reports of myocardial hypertrophy and interstitial fibrosis in diabetic hearts and places such findings on a quantitative basis for the first time (Rubler et al. 1972; Fischer et al. 1979) . They also corroborate clinical echocardiographic findings in humans of an increased left ventricular posterior wall and interventricular septal thicknesses in diabetics (Airaksinen et al. 1984 (Airaksinen et al. , 1987 . The present findings, to our knowledge, also constitute the first reports, whether human or animal, of right ventricular changes in diabetes; there are no corresponding echocardiographic reports concerning the right ventricle in diabetes. However, the present experiments demonstrated that ventricular changes took place at considerably earlier times than it would have been possible to demonstrate in clinical studies.
The present approach was finally used to evaluate the effects of the angiotensin-converting enzyme inhibitor captopril in preventing the myocardial abnormalities demonstrated here. It has been suggested that diabetes activates an intracardiac renin-angiotensin system (Dostal et al. 1992a,b; Rösen et al. 1995; Goyal et al. 1998 ) from which elevated angiotensin II production might induce the growth responses and hypertrophy (Schunkert et al. 1995; LaMorte et al. 1994) as well as the cardiac fibroblast proliferation and consequent myocardial interstitial fibrosis (Schorb et al. 1993 (Schorb et al. , 1994 Crabos et al. 1994; Matsubara et al. 1994) reported in some forms of cardiac hypertrophy and cardiomyopathy. The experiments provided the first non-invasive physiological evidence that the ACE inhibitor captopril ameliorates the myocardial hypertrophic changes. Thus, the captopril-treated diabetic rats showed no such ventricular hypertrophy, suggesting a therapeutic effect of captopril on the development of experimental diabetic cardiomyopathy. Earlier reports described therapeutic benefits of ACE inhibitors in relieving left ventricular and other vascular abnormalities in other forms of systemic cardiovascular disease (Cohn & Levine, 1982; Kluger et al. 1982; Levine et al. 1982; Dunn et al. 1984; Dzau & Safar, 1988; Mulvany, 1992 Mulvany, , 1998 . The present findings justify testing for similar therapeutic physiological effects in diabetic cardiac disease, in addition to providing the MRI techniques necessary for the more detailed analyses of cardiac cycle changes in the STZdiabetes cardiac model detailed in the accompanying paper (Al-Shafei et al. 2002) .
